Diabetic nephropathy is one of the most common complications in diabetes mellitus. Multiple pathogenic mechanisms are now believed to contribute to this disease, including inflammatory cytokines, autacoids and oxidative stress. Numerous studies have shown that the kallikreinkinin system may be involved in these mechanisms. This review focuses on recent research advance on the potential role of the kallikrein-kinin system in the development of diabetic nephropathy, and its clinical relevance.
Introduction
The kallikrein-kinin system (KKS) is a complex multienzyme system that can be divided into a circulating and a tissue/renal KKS. The circulating KKS belongs to the coagulation system, whereas the renal/tissue KKS acts in a paracrine or autocrine fashion involving the local synthesis and release of kinins, such as bradykinin and kallidin, mainly from kininogens by the kininogenase, kallikrein (KLK) [1] . Kinins exert their biological effects by selective stimulation of two distinct G protein-coupled receptors termed bradykinin B1-receptor (B1R) and B2-receptor (B2R) [2] . Both receptors are primarily linked to phospholipase C activation, which induces intracellular calcium mobilization through inositol 1,4,5-triphosphate and additional intracellular effects [3] . Although B1R and B2R activate similar transduction pathways, both receptors differ with regard to their translational and transcriptional regulation [4] . The B1R is expressed at low levels in different tissues. Its expression is induced in response to inflammatory stimuli such as lipopolysaccharides, endotoxins, and cytokines (IL-1b and TNF-a) [5] [6] [7] [8] .
In diabetes mellitus, activation of both B1R and B2R signaling has been observed [7, 9, 10] . Oxidative stress, pro-inflammatory cytokines [7] , such as IL-1b or tumor necrosis factor (TNF)-a, as well as stimuli from other vasoactive peptides, such as the renin-angiotensin system (RAS) [11] [12] [13] [14] , are implicated in the regulation of both receptors. Kinins are rapidly inactivated by several peptidases, the kininases, including carboxypeptidases N and M, angiotensin-converting enzyme (ACE), aminopeptidase P and neutral endopeptidase in the circulation and at tissue sites [15] .
All components of the KKS are also expressed in the kidney and are important regulators for renal hemodynamic and tubular function [16, 17] . The kidney produces local kinins, like bradykinin, at much higher levels than those present in blood [16] . Major effects of activation of the renal KKS include diuresis and natriuresis. Hence, it is believed to play a pivotal role in the regulation of fluid and electrolyte balance, mostly through its renal actions [18] . Accumulating evidence supports the emerging role for oxidative stress and inflammatory cytokines in the development of diabetic complications, including diabetic nephropathy. This review focuses on the role of the KKS in the development of diabetic nephropathy and underlying mechanisms involved.
The implication of the kallikrein-kinin system in diabetic nephropathy
It has been shown that renal KLK production can be reduced in patients with mild renal disease and more markedly in patients with severe renal failure [19, 20] . Moreover, KLK reversed salt-induced renal fibrosis and glomerular hypertrophy, and reduced recruitment and accumulation of inflammatory cells in the tubulo-interstitium and vasculature of hypertensive rats [21] . Furthermore, kinins restored renal nitric oxide production and significantly inhibited salt-induced NADH oxidase activity, superoxide formation and expression of leucocyte adhesion molecules. These results indicate a novel role of the KKS in the protection against saltinduced and hypertension-induced renal injury by inhibiting oxidative stress and inflammatory responses.
There is increasing evidence that supports the relevance of the KKS and renal injury under diabetic conditions [22] . Streptozotocin (STZ)-induced diabetic rats with moderate hyperglycemia show increased renal and urinary excretion of active KLK kinins, in conjunction with reduced renal vascular resistance and increased glomerular filtration rate (GFR) and renal plasma flow (RPF) [23] . Acute treatment of these hyperfiltrating diabetic rats with aprotinin (a kallikrein inhibitor) or with a B2R-receptor antagonist, nearly normalized GFR and RPF [23, 24 ] . By contrast, in severe STZ-induced noninsulin-treated hypofiltrating rats, KLK activity and expression have been found to be downregulated, indicating a direct correlation of the activity of KLK and the degree of GFR and RPF [25] . In addition to their hemodynamic actions, kinins may have important anti-inflammatory and antiproliferative properties under diabetic conditions. In this respect, the renal KKS may belong to an important system that can provide important renal protection. In particular, bradykinin has been shown to have nitric oxide-releasing properties, induce endothelium-dependent vasodilation, and exert antifibrotic and antihypertrophic actions, as well as stimulating glucose uptake [2]. The last effect has been suggested to be beneficial under diabetic conditions [2].
Increased glomerular basement membrane thickness, diffused mesangial sclerosis, and hyaline arteriosclerosis are hallmarks of diabetes mellitus-induced glomerulosclerosis [26] . Furthermore, tubular and interstitial lesions are also present in diabetic nephropathy [27, 28] . In a review article regarding the mechanisms of diabetic complications in the kidney, Brownlee et al. [27] showed that high glucose concentrations (hyperglycemia) first induce proliferation of mesangial cells, followed by the development of hypertrophy, which eventually progresses to glomerulosclerosis. In this regard, remaining renal cells may play a pivotal role in regulating renal structure and function under diabetic conditions. These cells can be stimulated directly or indirectly by hyperglycemia leading to release of a variety of pro-inflammatory cytokines and/or growth factors. Further, stimulation of these resident cells can stimulate mesangial cell growth and promote ECM production in an autocrine or paracrine manner [28, 29] . The transforming growth factor (TGF)-b serves as a key mediator for mesangial cell expansion and matrix deposition [30] . Recent evidence indicates that the profibrotic signals initiated by TGF-ß are mediated via activation of connective tissue growth factor (CTGF) [31] . While the beneficial influence of the KKS on mesangial cells is well documented under basal conditions, the manner of regulation by KKS remains controversial. Bradykinin can induce proliferation of quiescent renal cells via B2R activation [32] [33] [34] . In contrast, under proliferating conditions, bradykinin is antiproliferative in a variety of different cell types, including mesangial cells [35] . In addition, Alric et al. [35] demonstrated that bradykinin reduced mesangial cell proliferation under diabetic conditions. A possible association between the KKS and diabetesinduced mesangial cell proliferation may involve key regulators in diabetes such as insulin-like growth factor-I (IGF-I) and, to a lesser extent, insulin. Both IGF-1 and insulin induce mesangial cell proliferation and collagen secretion, most likely via activation of the IGF-I receptor. Insulin thus may be involved in the early stages of diabetic nephropathy [25] . IGF-I is a growth factor synthesized by many cells and tissues including mesangial cells. An increase in renal IGF-I levels has been implicated during the development of diabetic glomerulosclerosis by promoting cell proliferation and collagen secretion [36] . It has been shown that the effect of bradykinin on cell proliferation may be also dependent upon growth factor receptor activation [35] . Intracellular mitogen-activated kinases like ERK 1/2 could be identified as a relevant mediator for IGF-1 actions in mesangial cells [35] . Bradykinin is known to be able to reduce IGF-I-induced ERK 1/2 activation in mesangial cells. Finally, it has been shown that bradykinin can reduce mesangial cell proliferation induced by IGF-I, supporting a crosstalk between the renal KKS and IGF-1 [35] , indicating important antiproliferative effects of the renal KKS.
Thus, these conflicting findings of both proliferative and antiproliferative effects of bradykinin suggest that differences in experimental settings may play an important role in the regulation of the renal KKS under diabetic conditions [24 ,37] .
Although blockade of the B2R in STZ-induced diabetic rats by the B2R antagonist icatibant (HOE 140) did not greatly improve diabetic nephropathy [38] , recent studies in mice lacking the B2R implicated the role of the KKS in the development of diabetic nephropathy [39] . In diabetic mice lacking the B2R, the condition of the diabetic nephropathy worsens, which was associated with a further increase in glomerular mesangial sclerosis. Although these mice also showed a further rise in renal B1R expression, it is obvious that this increase did not fully compensate for the loss of B2R in this model. The role of the renal B2R under diabetic conditions is further supported by the finding that a loss of the B2R also leads to an induction of an aging of renal tubule cells and to an increase of oxidative stress in diabetic mice [39] . These data therefore suggest that the B2R may be a potential therapeutic target in diabetic nephropathy.
Interactions between inhibition of the renin-angiotensin system and activation of the renal kallikrein-kinin system
The investigation of the therapeutic actions of angiotensin-converting enzyme inhibitors (ACEI) and angiotensin type 1 (AT1) receptor antagonists revealed complex interactions between the RAS and KKS [11] . Such interactions are supported by the following findings. ACE efficiently degrades kinins or bradykinin. Angiotensin fragments such as ANG-(1-7) exert kinin-like effects. 24 Hormones, autacoids, neurotransmitters and growth factors The binding properties of this radioligand and its validity for quantitative in-vitro autoradiography of tissue ACE have been established [12] . ACE binding was reduced in TGR(KLK1) compared with controls and BN-K rats. TGR(KLK1) rats are characterized by increased basal bradykinin levels [45] . Kininogen deficiency led to a significant increase in renal ACE binding, suggesting an interaction between the renal kallikrein-kinin system and the renin-angiotensin system. # P < 0.05 compared with control and BN-K; Ã P < 0.05 compared with controls and TGR(KLK1), n ¼ 6 per group. Experiments were performed by C.T. and J.L.Z. at the Howard Florey Institute, Australia.
KLK probably serves as a prorenin-activating enzyme. Several studies [40] [41] [42] have demonstrated experimentally that the protective effects of ACEI are at least partly mediated by a direct potentiation of kinin receptor response to bradykinin stimulation. We [38] previously showed that kinins are partly involved in the antiproteinuric action of ACEI in experimental diabetic nephropathy. Furthermore, studies on AT1 antagonists, which do not directly influence kinin degradation, and studies on angiotensin-receptor transgenic mice, have revealed additional interactions between the RAS and the KKS. There is mounting evidence to suggest that an autocrine cascade including kinins, nitric oxide, prostaglandins, and cyclic GMP is involved in at least some of the angiotensin type 2 receptor effects [43] . In addition, Siragy et al. [44] showed that Ang II tonically stimulates renal kinin peptide production due to AT2 receptor stimulation. Although the mechanisms have not been well understood, the interaction of the KKS and RAS is further supported by our findings, showing that the renal expression of ACE in transgenic rats expressing the human KLK1 gene is reduced, whereas it is increased in kidneys of kininogen-deficient rats (Fig. 1) [45] . The clinical relevance of the newly elucidated mechanisms of ACE inhibitor inducing a cross-talk between ACE and B2 receptors, the role of ANG-(1-7)-dependent bradykinin-accumulation and the importance of AT2 receptordependent KKS stimulation during AT1 antagonism still remain to be determined, however.
Targeting the renal kallikrein-kinin system by vasopeptidase inhibition
A vasopeptidase inhibitor (AVE7688) has been shown to prevent the development of nephropathy or slow its progress in Zucker diabetic rats [46] . Vasopeptidase inhibition markedly reduced both glomerular and tubulointerstitial damage, and this protective effect was partially prevented by combination with the B2R antagonist, icatibant. The vasopeptidase inhibitor omapatrilat has been tested clinically in hypertension and heart failure but not in diabetes. As the clinical safety of omapatrilat has been established, and animal studies have shown that this inhibitor may be superior to ACEI as a nephroprotective agent, it would be very interesting to test its clinical relevance in human kidney diseases with and without diabetes.
Targeting the renal kallikrein-kinin system by bradykinin receptor agonists
There are no selective, nonpeptide bradykinin receptor agonists currently available. Peptide bradykinin mimetics that are longer-lasting than bradykinin have been developed, including Sar-[D-Phe8]des-Arg9-bradykinin, which is resistant to ACE, and labradimil, which is resistant to aminopeptidases and neutral endopeptidases [47] . These agents and the selective B2R antagonists (FR 173657 and LF 16.0687) may be useful in further determining the role of bradykinin and B2R in nephroprotection. Selective nonpeptide B2 receptor agonists would be useful in determining the role of this receptor in nephroprotection, and may have therapeutic potential in nephropathology. Stimulation of B2R is a target in treating diabetic nephropathy. Presently, in the absence of selective nonpeptide B2 receptor agonists, the best way to do this is probably with vasopeptidase inhibitors that will increase the levels of bradykinin [48] . Vasopeptidase inhibitors also reduce the levels of Ang II, which is also known to be nephroprotective. ACEI and AT1 antagonists, however, known to interact with the activation of the renal KKS, remain the gold standard in the treatment of diabetic nephropathy clinically.
Conclusions
Despite intensified metabolic control and antihypertensive treatment of diabetic patients, the development of diabetic nephropathy continues to be a serious clinical problem. Growing evidence suggests that diabetic kidney diseases are multifactorial diseases and therefore require different therapeutic approaches. Recent investigations suggest that the KKS plays an important role in the development and progression of diabetic nephropathy. The precise mechanisms by which the KKS is involved in the development of diabetic nephropathy remain to be further investigated. Future studies using novel therapeutic strategies will likely play an important role in demonstrating the significance of the KKS as a target in preventing and treating diabetic nephropathy.
